The supersaturated austenite () phase decomposed into fine C-rich ordered k 0 particles and C-depleted 0 phase during quenching in alloys with 5:5 C 8:0 at%. The misfit between k 0 particles and 0 phase decreased with increasing carbon content. The strain energy increased dramatically as carbon content approached slightly below 5.5 at%. Undercooling may be insufficient to overcome the strain energy effects, thus leading to the absence of spinodal decomposition and k 0 particles in the present and prior austenitic FeMnAlC alloys with 3:1 C 5:2 at% under the as-quenched condition. Additionally, both the amount of ordered k 0 particles and the carbon concentration in the k 0 particles increased with increasing carbon content of the alloy. These results revealed that a higher degree of carbon supersaturation in the initial phase might promote a tendency toward C-rich k 0 particle formation during quenching.
Introduction
The microstructural developments in fully austenitic FeMnAlC alloys prepared by conventional casting processes have been extensively studied by many researchers. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] In these studies, when an alloy with a chemical composition in the range of Fe-(28-34.3) mass%Mn-(7.8-11.8) mass%Al-(0.74-1.3) mass%C (Fe-(25-30.1) at%Mn-(14.2-20.9) at%Al-(3.1-5.2) at%C) was solution heat-treated in the single austenite () phase (disordered facecentered cubic (fcc)) region and then quenched rapidly, the microstructure of the alloy was single-phase . [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] When the as-quenched alloy was aged at 500-550 C for moderate periods of time, fine (Fe,Mn) 3 AlC x particles (k 0 particles) began to precipitate coherently within the matrix. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] The (Fe,Mn) 3 AlC x particle has an ordered fcc crystal structure which belongs to the L 0 1 2 type. [3] [4] [5] [6] [7] [8] Recently, we performed transmission electron microscopy observations on the phase transformations of an Fe-30 mass%Mn-9 mass%Al-2 mass%C (Fe-26 at%Mn-16 at%Al-8 at%C) alloy.
12) Consequently, we found that the microstructure of the alloy in the as-quenched condition was phase, which contained fine k 0 particles formed within the matrix by spinodal decomposition during quenching. This is quite different from that observed in the austenitic FeMnAlC alloys with 3:1 C 5:2 at%, in which fine k 0 particles could only be observed in aged alloys. [3] [4] [5] [6] [7] [8] [9] [10] [11] This finding suggests that the carbon content may play an important role in the formation of fine k 0 particles within the matrix during quenching. However, to date, the reason why adding a greater amount of carbon could lead to this result is unclear. Therefore, the main purpose of this work is to study systematically the effect of carbon content on the asquenched microstructure of Fe-26 at%Mn-20 at%Al-C alloys with 5:0 C 8:0 at%.
Experimental Procedure
Seven alloys, Fe-26 at%Mn-20 at%Al-C (alloys A (5 C), B (5.5 C), C (6 C), D (6.5 C), E (7 C), F (7.5 C), and G (8 C)), were selected for investigation in the present study. The alloys were prepared in a vacuum induction furnace using pure Fe, Mn, Al, and carbon powder. After homogenization at 1250 C for 12 h under a controlled protective argon atmosphere, the ingots were hot-rolled and then cold-rolled to a final thickness of 2.0 mm. The sheets were subsequently solution heat-treated at 1200 C for 2 h and then rapidly quenched in room-temperature water. X-ray diffraction (XRD) experiments were carried out by using a Bruker D8 model with Cu-K radiation operating at 40 kV and 20 mA. Electron microscopy specimens were prepared by means of a double-jet electropolisher with an electrolyte solution of 10 vol% perchloric acid, 30 vol% acetic acid, and 60 vol% ethanol. Electron microscopy was performed on a JEOL-2100 transmission electron microscope operating at 200 kV. The mean size of the fine k 0 particles was determined by a LECO 2000 image analyzer. Figure 1 shows the XRD profiles of the seven alloys in the as-quenched condition. The profile of alloy A (5 C) reveals only the fundamental ð200Þ reflection. However, sideband peaks around the ð200Þ reflection could be observed in alloys B (5.5 C) through G (8 C). The peak appearing on the low-angle side was the ð200Þ k 0 reflection of C-rich k 0 particles, whereas that appearing on the high-angle side was the ð200Þ 0 reflection of the C-depleted 0 phase.
Results and Discussion
9) The presence of sidebands demonstrates that the ordered C-rich k 0 particles and C-depleted 0 phase were formed through spinodal decomposition during quenching in alloys with 5:5 C 8:0 at%. [5] [6] [7] 9) Moreover, the intensity of the ð200Þ k 0 peak increased with increasing carbon content, and the ð200Þ , ð200Þ k 0 , and ð200Þ 0 peaks all shifted to smaller Bragg angles. This indicates that the amount of k 0 particles, as well as all the lattice parameters of , k 0 particles, and 0 phases, increased with increasing carbon content. It is also shown in Fig. 1 that with increasing carbon content, the sidebands moved closer to the main ð200Þ peak, indicating that differences in the parameters between k 0 particles and 0 phase decreased. The experimental data above measured from the XRD profiles are listed in Table 1 . The misfit ( k 0 -0 ) was calculated using the equation:
For comparison, the misfit k 0 -was also calculated. Both are listed in Table 1 . The modulation wavelength was determined using the Daniel-Lipson equation:
where = the average modulation wavelength; = the Bragg angle for the peak; Á = the angular spacing between the sideband and the main ð200Þ Bragg peak; and h, k, l = the Miller indices of the Bragg peak (h ¼ 2, and k, l ¼ 0). From Table 1 , it is clear that increasing the carbon content causes the misfit to decrease and the wavelength to increase.
Figures 2(a) through (c) show selected-area diffraction patterns (SADPs) of alloys A (5 C), D (6.5 C), and G (8 C), respectively. In addition to the fundamental ð200Þ diffraction spot, neither the diffraction spot of ordered k 0 particles nor the satellites could be detected in alloy A (5 C). However, both the ordered k 0 particle diffraction spot and satellites could clearly be observed in alloys D (6.5 C) and G (8 C). Evidently, spinodal decomposition and formation of ordered k 0 particles occurred during quenching. In Figs. 2(b) and (c), it is also seen that in alloy G (8 C), which has a higher carbon content, the ð100Þ k 0 spot is relatively brighter and the spacing between satellites and the main spot is comparatively smaller. The misfit ( k 0 -0 ) and wavelength (), obtained from measurements of the spacing between the satellites and the main spot along the [100] direction in the SADPs, were 2.24% and 15.7 nm for alloy D (6.5 C), as well as 1.59% and 22.3 nm for alloy G (8 C), respectively. Figures 2(d) and (e) are two dark-field (DF) electron micrographs taken with the ð100Þ k 0 superlattice reflection in the [001] zone. They reveal that the amount of ordered k 0 particles in alloy G (8 C) was significantly greater than that in alloy D (6.5 C). In these figures, it is also seen that fine k 0 particles were formed along Based on the preceding results, some discussion is appropriate. The microstructure of the present alloy A (5 C) in the as-quenched condition was single-phase , which is similar to that observed in as-quenched austenitic FeMnAlC alloys with 3:1 C 5:2 at%.
1-11) However, spinodal decomposition and formation of ordered k 0 particles occurred during quenching in the present alloys with 5:5 C 8:0 at%. Regarding spinodal decomposition, two important factors should be considered: (1) interfacial energy effects, and (2) coherency strain energy effects.
13) The k 0 particle is a fcc-based phase of L 0 1 2 ordered crystal structure with a C atom at the body center site, an Al atom at the corner positions, and three (Fe, Mn) atoms positioned randomly at the face center sites in its fcc-based unit cell. 8) On the other hand, 0 is a disordered fcc phase with C atoms positioned randomly at the octahedral interstitial sites. As the 0 phase and ordered k 0 particles have the same fcc-based crystal structure and similar lattice parameters, their interface would be fully coherent. Therefore, only chemical contributions should be considered to the interfacial energy.
13) The carbon concentration in the equilibrium (Fe,Mn) 3 AlC x particles of austenitic FeMnAlC alloys aged at 500-550 C for longer times has been studied by several workers. Consequently, three different values of X have been obtained (0.4, 0.6, and 0.66).
6,9,11) Furthermore, to the authors' knowledge, no information concerning the interfacial energy between the 0 phase and ordered k 0 particles has been provided in previous studies. Additionally, in the early stage of spinodal decomposition, the composition fluctuation profile exhibited a sinusoidal wave. 6, 14) Therefore, a conclusive description of the interfacial energy between the 0 phase and ordered k 0 particles cannot be given in the present study.
Since the composition ratio of (Fe, Mn) and Al in all of the present alloys approximates that of (Fe,Mn) 3 AlC x particle, it is plausible to suggest that the composition fluctuation was primarily due to the carbon atom. As is evident from the experimental results above, all the lattice parameters of the phases increased with increasing carbon content of the alloy. This suggests that the carbon concentration in these phases increased simultaneously. However, the carbon contribution to the increase in the lattice parameter of the ordered k 0 particle is distinctively less than in the disordered 0 phase. 15) Therefore, although all the lattice parameters of the phases increased with increasing carbon content, the increment in the disordered 0 phase was larger than that in the ordered k 0 particles. Consequently, the misfit between the ordered k 0 particles and disordered 0 phase would be reduced with increasing carbon content, which is consistent with the results obtained by XRD and TEM. To emphasize the characteristics, the variations in the lattice parameters and misfits as a function of carbon content are plotted in Fig. 3 . For a fully coherent interface, the coherency strain energy would be roughly proportional to 2 . 13) In Table 1 , it is clearly seen that the Table 1 . In terms of our calculations, it was found that the values between alloys B (5.5 C)-C (6 C), alloys C (6 C)-D (6.5 C), alloys D (6.5 C)-E (7 C), alloys E (7 C)-F (7.5 C), and alloys F (7.5 C)-G (8 C) were about 4.261, 3.406, 2.260, 1.406, and 1.096, respectively, which corresponds to a ratio of 3:89 : 3:11 : 2:06 : 1:28 : 1. This means that the average increment of strain energy per decrement of at% C between 6 and 5.5 at% C is 3.89 times greater than that between 8 and 7.5 at% C. The variation in 2 k 0 -0 with carbon content is also plotted in Fig. 3 . The dotted line shows the expected values extrapolated from the
It is evident that the slope of the 2 k 0 -0 -C curve increased gradually with decreasing carbon content from 8.0 at% C, and became very steep as the carbon content approached concentrations slightly below 5.5 at%. Accordingly, it is reasonable to expect that a small amount of decrease in carbon content below 5.5 at% would cause the coherency strain energy to increase dramatically. As a result, undercooling may be insufficient to overcome the strain energy effects. Consequently, spinodal decomposition was completely suppressed and not detected in the present alloy A (5 C). In addition, the experimental results revealed that both the wavelength and the amount of ordered k 0 particles increased with increasing carbon content. This suggests that the temperatures of both spinodal decomposition and ordering reaction increased with increasing carbon content.
In previous studies, it was seen that when austenitic FeMnAlC alloys with 3:1 C 5:2 at% were solution heattreated at 980-1050 C and then rapidly quenched in roomtemperature water or ice water, the microstructure was single-phase . [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] When the as-quenched alloy was aged at 500-550 C, both spinodal decomposition and formation of ordered k 0 particles could be detected during the early stage of isothermal aging. [3] [4] [5] [6] [7] [8] [9] [10] [11] Han et al. proposed that ordered k 0 particles nucleate in C-rich zones of the matrix after undergoing spinodal decomposition. 4) In contrast to this proposition, Choo et al. claimed that spinodal decomposition and formation of ordered k 0 particles occurred concurrently within the matrix during aging. 8) Additionally, depending on the chemical composition, aging temperature, and aging time, the wavelength was determined in the range of 23 to 35 nm. [6] [7] [8] [9] In spite of the different propositions for the process of spinodal decomposition and ordering, it can generally be concluded that austenitic FeMnAlC alloys with 3:1 C 5:2 at% also lay within the spinodal, and that spinodal decomposition and formation of ordered k 0 particles can only be detected in the alloys during isothermal aging. However, in the present alloys with 5:5 C 8:0 at%, spinodal decomposition and formation of ordered k 0 particles could occur during quenching. The apparent difference may be attributed to the following two reasons: (I) the effect of strain energy between the k 0 particles and 0 phase, as discussed above, and (II) the degree of carbon supersaturation in the initial phase. As mentioned above, the lattice modulation that occurred in the present alloys is mainly caused by concentration fluctuations in the carbon atom, and the lattice parameter of k 0 particles increased with increasing carbon content of the alloy. The carbon concentration in k 0 particles can be estimated using the equation: 15) a k 0 ¼ 0:36626 þ 0:00059C x , where the lattice parameter a k 0 and carbon concentration C x are presented in nanometers and atomic percent, respectively. The calculated results are also listed in Table 1 . It is clear from the table that by increasing the carbon content of the alloy from 5.5 to 8.0 at%, the carbon concentration in k 0 particles gradually increased from 11.08 at% (x ¼ 0:50) to 15.32 at% (x ¼ 0:73). It is evident that a higher degree of carbon supersaturation in the initial phase would increase not only the amount of fine k 0 particles but also the carbon concentration in the k 0 particles. Interestingly, it is noted here that the carbon concentrations of 11.08-15.32 at% (x ¼ 0:50{0:73) are comparable to the values of 9-13 at% (x ¼ 0:4{0:66) reported by other workers in austenitic Fe-27-30 at% Mn-14-20 at% Al-3.7-5 at% C alloys aged at 500-550 C for longer periods of time. 6, 9, 11) Finally, it is worth pointing out that no information concerning the spinodal decomposition curve of the FeMnAlC alloy system has been provided in the literature. Clearly, additional work is needed to further understand the effects of carbon content on spinodal decomposition and ordering in austenitic FeMnAlC alloys.
Conclusions
In summary, spinodal decomposition and formation of ordered k 0 particles were observed in the present Fe-26 at%Mn-20 at%Al-C alloys with 5:5 C 8:0 at% under the as-quenched condition. The gradual increase in both the wavelength and the amount of ordered k 0 particles indicates that the reaction temperatures of both spinodal decomposition and ordering increased with increasing carbon content. With increasing carbon content, the lattice parameters of both the ordered k 0 particles and the disordered 0 phase increased, whereas the misfit between the two phases decreased. The coherency strain energy was expected to increase dramatically as the carbon content approached slightly below 5.5 at%. Given the remarkable increase in strain energy, undercooling may be insufficient to overcome the strain energy effects, which are responsible for the absence of spinodal decomposition and formation of ordered k 0 particles in the present alloy A (5 C) and in previous austenitic FeMnAlC alloys with 3:1 C 5:2 at% under the asquenched condition. Additionally, the carbon concentration in the k 0 particles formed in the present alloys increased with increasing carbon content. This indicates that a higher degree of carbon supersaturation in the initial phase might promote a tendency toward C-rich k 0 particle formation during quenching. 
